Molecular chaperones are typically either adenosine triphosphate (ATP) dependent or rely heavily on their ATP-dependent chaperone counterparts in order to promote protein folding. This presents a challenge to chaperones that are localized to ATP-deficient cellular compartments. Here we describe a mechanism by which the pHregulated acid stress chaperone HdeA is capable of independently facilitating the refolding of acid-denatured proteins in the bacterial periplasm, which lacks both ATP and ATP-dependent chaperone machines. Our results are consistent with a model in which HdeA stably binds substrates at low pH, thereby preventing their irreversible aggregation. pH neutralization subsequently triggers the slow release of substrate proteins from HdeA, keeping the concentration of aggregation-sensitive intermediates below the threshold where they begin to aggregate. This provides a straightforward and ATP-independent mechanism that allows HdeA to facilitate protein refolding. Unlike previously characterized chaperones, HdeA appears to facilitate protein folding by using a single substrate binding-release cycle. This cycle is entirely regulated by the external environment and is therefore energy-neutral for the bacteria.
T he acidic environment of the mammalian stomach (pH 1-3) plays an important role not only in the digestion of food, but also as a potent natural barrier against bacterial infections (1) . Some microbes, such as Escherichia coli, have evolved systems to deal with the potentially lethal effects of acid stress. Response mechanisms that protect the cytosol of E. coli against acid stress include several amino acid decarboxylases which consume protons, thereby raising the intracellular pH (2) . In contrast to the well-protected bacterial cytosol, however, the periplasm has a porous outer membrane. This allows the free diffusion of small (<600 Da) molecules (3), making its contents vulnerable to external pH changes. Acid stress, like heat stress, exerts detrimental effects on organisms by inducing the unfolding and subsequent aggregation of cellular proteins.
E. coli and Shigella protect their periplasmic proteins against acid-induced aggregation by utilizing the pH-regulated chaperone HdeA. Deletion of hdeA renders the bacteria unable to survive extreme acid stress (4, 5) . In vitro studies demonstrated that at neutral pH, HdeA is a well-folded dimer with no chaperone activity (4) . Upon exposure to low pH, HdeA, like many other proteins, loses structure (6, 7) . However, in contrast to most other proteins, which are inactivated upon pH-induced unfolding, partial unfolding and dissociation of HdeA into monomers causes the activation of its chaperone function (4, 7) . We recently reported that low pH induces the exposure of structurally plastic, high-affinity binding sites for unfolding proteins on HdeA, and enables it to effectively prevent protein aggregation in vitro (8) . The partially unfolded and therefore highly flexible architecture of active HdeA monomers seems to contribute to HdeA's ability to adaptively bind to a wide range of different substrate proteins, some of which are much larger than the 9.7 kDa chaperone itself (8) . Inactivation of HdeA is triggered by pH neutralization, which induces its refolding and dimerization (7) .
While it is well established that HdeA binds substrates at low pH, thereby suppressing protein aggregation (4, , the fate of these substrates following pH neutralization and subsequent HdeA inactivation has not been elucidated. In vivo results suggested HdeA's involvement in the refolding of periplasmic proteins following recovery from acid stress (10) . In vitro studies using the model substrate alcohol dehydrogenase revealed, however, that pH neutralization triggered the release of alcohol dehydrogenase from HdeA in an aggregation-sensitive conformation, such that the substrate protein was unable to fold to its native state (7) . Therefore, the fate of HdeA substrates, and particularly the question of whether HdeA is able to independently facilitate their refolding, remained unresolved. This is of particular interest because previously characterized ATP-independent chaperones can prevent substrate aggregation, but substrates typically then require downstream processing by ATP-dependent chaperones (11) .
In addition to testing the role of HdeA in assisting the refolding of acid-denatured proteins, HdeA provides us with an opportunity to study how a chaperone has adapted to cope with the absence of ATP and ATP-dependent chaperone machines in the periplasm. To address these issues, we examined the fate of bound-substrate proteins upon shifting from low to neutral pH (i.e., upon returning to nonstress conditions). In this report, we demonstrate that HdeA can independently facilitate the refolding of acid-denatured protein substrates, including the physiological substrate alkaline phosphatase, to their enzymatically active state without assistance from ATP, ATP-dependent chaperones or cochaperones. We find that HdeA-substrate complexes spontaneously but slowly dissociate upon pH neutralization, and the substrates are released in a folding-competent state. To fulfill its function as a chaperone, HdeA appears to utilize the natural host physiology in which external changes in pH, rather than ATP, provides the energy to trigger chaperone activation, inactivation and substrate-protein refolding.
Results

HdeA Suppresses Substrate Aggregation at Low pH and Following pH
Neutralization. To examine the fate of substrate proteins upon pH neutralization and inactivation of HdeA, we studied the interaction of HdeA with the model substrate porcine mitochondrial malate dehydrogenase (MDH). Light-scattering measurements indicate that HdeA suppresses MDH aggregation at low pH (Fig. 1A) , as previously reported (8) . In the absence of HdeA, pH neutralization causes MDH to rapidly aggregate, as indicated by the increase in the light-scattering signal immediately after the Author contributions: T.L.T., U.J., and J.C.B. designed research; T.L.T., T.M.F., and S.C. performed research; T.L.T., T.M.F., S.C., and J.C.B. analyzed data; T.L.T., U.J., and J.C.B. wrote the paper.
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This article contains supporting information online at www.pnas.org/cgi/content/full/ 0911610107/DCSupplemental. pH shift (Fig. 1A, trace 1) . In sharp contrast, in the presence of stoichiometric amounts of HdeA, pH neutralization results in a very small increase in the light-scattering signal, indicating a strong suppression of MDH aggregation by HdeA (Fig. 1A , traces 2-4). SDS-PAGE analysis of the insoluble pellet fraction (P) and the soluble supernatant fraction (S) following centrifugation of the samples supports the light-scattering results. In the presence of increasing HdeA concentrations, increasing amounts of MDH remained soluble during incubation at pH 2 ( Fig. 1B) and following pH neutralization (Fig. 1C) . The two most likely explanations for these observations are: (1) HdeA remains bound to MDH and continues to prevent aggregation even upon return to neutral pH; or (2) HdeA releases MDH in a less aggregation-prone conformation.
While light-scattering measurements are a useful tool to monitor the relative amount of protein aggregation, they do not provide any information about the size, structure, or heterogeneity of the aggregated molecules. Nor can they distinguish whether or not the chaperone-substrate complex dissociates following pH neutralization. To gain structure and molecular mass information about the conformational states of HdeA during pH-induced activation and inactivation and upon association with MDH, we analyzed the populated species by sedimentation velocity analytical ultracentrifugation.
Ultracentrifugation data confirmed that HdeA forms ∼20 kDa dimers at neutral pH (Fig. S1A) , dissociates into ∼9 kDa monomers upon incubation at pH 2 ( Fig. S1B) , and reassociates into ∼20 kDa dimers upon subsequent neutralization (Fig. S1C) . The sedimentation of the HdeA monomer is not consistent with a completely unfolded polypeptide as has been proposed (7, 12) , but rather is indicative of a fairly compact structure, consistent with our previous circular dichroism and fluorescence data suggesting that HdeA is only partially unfolded at low pH (8) .
The behavior of MDH as monitored by sedimentation velocity agrees well with our light-scattering measurements. MDH forms a number of high molecular weight species (∼150-800 kDa) upon incubation at pH 2.0 (Fig. S1D) . The presence of HdeA during incubation at low pH leads to the formation of smaller complexes (Fig. S1E) . pH neutralization in the absence of HdeA induces MDH to form very large, heterogeneous particles ranging from ∼170 to 2200 kDa (Fig. S1F) . Strikingly, neutralization of MDH solutions that had been incubated in the presence of HdeA at low pH produces two major species that sediment like native MDH and HdeA dimers (see Fig. S1G , and also Table S1 for a summary of ultracentrifugation data). This suggests that HdeA releases MDH upon pH neutralization, and in agreement with lightscattering measurements, the released MDH does not show a high aggregation propensity. Rather, it is in a soluble and possibly native form.
HdeA Supports Refolding of Acid-Unfolded MDH to the Native State.
Our ultracentrifugation experiments suggested that the presence of HdeA during low pH incubation not only prevents protein aggregation, but might also support the refolding of MDH upon neutralization and complex dissociation. This was a somewhat surprising result given that other ATP-independent chaperones, such as the small heat shock proteins, are capable of suppressing protein aggregation but unable to release their substrate proteins unless ATP-dependent chaperone systems are present to support substrate refolding (11) . To test whether the presence of HdeA is indeed sufficient to support the refolding of acid-denatured MDH, we incubated MDH at pH 2 in the absence or presence of HdeA, neutralized the pH to initiate refolding, and assayed for MDH activity at regular intervals. As shown in Fig. 2A , in the absence of HdeA, acid-denatured MDH has a low propensity for spontaneous refolding under our experimental conditions, with <5% activity recovered after ∼3 h. In contrast, the presence of HdeA during the low pH incubation period greatly enhanced the recovery of MDH activity. Nearly 50% of the original enzymatic activity was restored in the presence of a 2-fold excess of HdeA. In addition, we tested the periplasmic protein alkaline phosphatase (AP), which has the potential to interact with HdeA in vivo. AP also showed a low propensity for spontaneous refolding (<10%), but refolded to >50% in the presence of a 2-fold excess of HdeA (Fig 2B) . Thus, HdeA appears to be well suited to protect proteins against pH-induced aggregation and to support their reactivation. In contrast, the presence of the same amount of BSA had minimal impact on MDH or AP refolding (Fig. 2 , open squares). Strikingly, the homologous protein HdeB, which has been reported to have HdeA-like function (9, 10), was also completely incapable of assisting in MDH or AP refolding (Fig. 2 , closed squares). This may be indicative of nonoverlapping substrate specificities between HdeA and HdeB.
To determine at what point HdeA acts in suppressing aggregation and facilitating substrate refolding, we conducted orderof-addition experiments in which we added HdeA either immediately before or various times after the start of the low pH incubation of MDH. HdeA was most effective both in aggregation suppression and assisting in MDH refolding when present from the beginning of the low pH incubation period (Fig. S2A,  B) . These observations underscore the importance of the rapid activation of HdeA for its optimal function (8) . Binding of HdeA to MDH at low pH likely prevents the formation of off-pathway MDH intermediates or small aggregates, which rapidly form upon exposure to low pH, and have a strong tendency to aggregate rather than refold upon neutralization.
HdeA Releases Substrates in a Nonnative but Folding-Competent State. Although our analytical ultracentrifugation experiments provided us with useful insights about the fate of HdeA-MDH complexes under equilibrium conditions, they do not provide us with any kinetic information. To investigate the rates of substrate binding and release, we used a fluorescence anisotropybased approach. This technique monitors the relative rate of rotational diffusion of a fluorophore (13) , and should allow us to distinguish between free and substrate-bound HdeA. To label HdeA, we made use of the previously characterized HdeA(S27C) variant, which is fully chaperone-active at pH 2 and can be modified with the pH-insensitive fluorophore bimane at Cys27 (8) . As shown in Fig. 3 , bimane-labeled HdeA(S27C) exhibits an anisotropy of ∼0.05 at pH 2. Upon addition of MDH (Fig. 3A) or AP (Fig. 3B) , the anisotropy rapidly increased approximately 4-fold, reflecting the decreased rotational diffusion rate of labeled HdeA that accompanies binding of acid-unfolded substrate.
To test the kinetic stability of these complexes at pH 2, we added a large excess of unlabeled HdeA to preformed complexes of MDH and labeled HdeA. If the HdeA-MDH complexes are dynamic, the labeled HdeA should exchange with unlabeled HdeA, resulting in a decrease in anisotropy back to the starting value of ∼0.05. We observed very little change in anisotropy upon addition of a 10-fold excess of unlabeled HdeA over the course of the experiment (Fig. S2C ). This suggests that HdeA-substrate complexes are kinetically very stable at low pH, with an estimated t 1∕2 of roughly 200 min. Thus, on a physiological timescale, HdeA may essentially irreversibly bind substrates at low pH.
To determine the kinetics of HdeA inactivation and substrate release, we tested the effects of pH neutralization on the anisotropy of HdeA(S27C) in the absence or presence of bound MDH. In the substrate-free state, the fluorescence anisotropy of bimane-labeled HdeA(S27C) rapidly jumped from 0.05 to 0.08 following pH neutralization (Fig. 3) . As shown by bis-ANS fluorescence and FRET experiments, this increase in fluorescence anisotropy upon a shift to neutral pH occurs on a timescale that is similar to the rapid refolding of HdeA (Fig. S3A) and association into chaperone-inactive dimers (Fig. S3B) . A fluorescence anisotropy signal of 0.08 was therefore considered to be the expected end point of our anisotropy measurements upon complete substrate-protein dissociation. pH neutralization of the HdeA-MDH (Fig. 3A) and HdeA-AP (Fig. 3B) complexes caused a decrease in anisotropy, which eventually approached the signal expected for substrate-free HdeA dimers. These results indicate that both substrates are being released from HdeA. AP is released via a rather rapid two-step process, with half times of ∼0.2 and 2 min (Fig. 3B) . MDH is also released in an apparent two-step process with half times of 2 and 35 min (Fig. 3A) , which is significantly slower than the inactivation of substrate-free HdeA, indicating that the presence of bound substrate can substantially decelerate the formation of the inactive HdeA dimer. The slower kinetic phase appears to correlate very well with the kinetics of MDH reactivation (t 1∕2 ∼ 35 min, Fig. 2A ). While we can not say with certainty what causes these two phases, our analytical ultracentrifugation data (Fig. S1E) revealed that HdeA and MDH form multimeric complexes at low pH. It is possible that fast dissociation of these oligomers might underlie the first observed exponential phase, and the slower phase may be due to the complete dissociation of 1∶1 HdeA-MDH complexes.
The observation that the rate of MDH release from HdeA and the rate of MDH refolding are apparently identical, raised the intriguing possibility that MDH might actually refold while bound to HdeA. In this case, substrate release could simply be triggered by the refolding of the bound protein. A second possible explanation is that slow release of substrate proteins from HdeA might function to greatly reduce the concentration of free nonnative substrate at any given time, thereby suppressing aggregation and favoring rapid on-pathway refolding upon release. Alternatively, the slow kinetic phase may be a result of "iterative annealing" (14) or repetitive cycles of chaperone binding and release until MDH reaches the native state.
To distinguish between these possibilities, we used the GroEL/ ES system as an in vitro controllable molecular trap for nonnative MDH molecules. GroEL, in the absence of GroES and ATP, has been shown to tightly bind substrates, including MDH, and to prevent them from folding; refolding of the trapped substrate molecules can then be initiated by addition of GroES and ATP (15, 16) . To analyze whether the presence of GroEL affects the apparent rate of MDH dissociation from HdeA, we formed bimane-labeled HdeA(S27C)-MDH complexes at low pH. We then shifted the pH to neutral, and immediately added an equimolar amount of GroEL-14-mers. As shown in Fig. 4A , GroEL addition did not significantly impact the kinetics of MDH dissociation from HdeA. This result suggests that HdeA and MDH do not undergo iterative cycles of binding and release, because addition of GroEL would then be expected to compete with HdeA for rebinding and should, therefore, increase the apparent rate of anisotropy decay. To further exclude that HdeA and MDH undergo iterative cycles of release and rebinding, we performed similar experiments but added an excess of unlabeled HdeA following pH neutralization instead of GroEL (Fig. S4 ). Like GroEL, unlabeled HdeA did not significantly affect the rate of anisotropy decay, which is consistent with the conclusion that HdeA functions via a single binding and release event.
Whereas GroEL had no effect on MDH release from HdeA, the recovery of MDH activity was substantially influenced by GroEL. We incubated duplicate samples of MDH either alone (Fig. 4B ) or in the presence of HdeA (Fig. 4C) at pH 2 and supplemented one of each of the samples with GroEL immediately after neutralization. As expected, the presence of HdeA during the low pH incubation significantly increased the reactivation of MDH upon pH neutralization (Fig. 4B-C) . The presence of GroEL during the neutral pH incubation, however, completely suppressed this reactivation (Fig. 4C, compare closed and open squares), until the point of GroES/ATP addition. These results suggest that MDH is not released from HdeA in a fully folded conformation, but in a state that can still be recognized by GroEL. GroEL apparently binds these inactive MDH molecules upon release from HdeA and remains in complex until addition of GroES and ATP triggers MDH folding. MDH that was incubated at low pH in the absence of HdeA served as a poor substrate for the GroEL/ES system upon neutralization (compare closed squares in Fig. 4B with closed squares in Fig. 4C ). This result agrees with the observation that in the absence of HdeA, most MDH molecules partition to off-pathway aggregates. These results provide further evidence that HdeA's rapid interaction with acid-unfolding proteins maintains them in a nonnative but folding-competent form. Because we have excluded the possibility that MDH refolds completely while bound to HdeA, the observation that the rate of MDH release closely mimics the rate of MDH refolding suggests that dissociation from HdeA may be rate-determining in MDH reactivation.
To determine whether the slow release from HdeA and the correlation between rate of release and refolding rate observed for MDH may also apply to other substrates, we measured the release and refolding kinetics of two additional model substrate proteins, GAPDH and aldolase. By using fluorescence anisotropy, we found that HdeA(S27C) associates with both proteins at pH 2 and releases them upon neutralization (Fig. S5 and S6) . Importantly, HdeA supports the refolding of both substrates to an enzymatically active state. Analysis of the kinetics of release and refolding revealed that aldolase behaves similarly to MDH by following apparent biphasic release kinetics, with the overall halftime of dissociation corresponding roughly to the rate of refolding (Fig. S5) . GAPDH (Fig. S6 ) behaved more similarly to alkaline phosphatase, where the apparent rate of release is faster than the appearance of recovered enzymatic activity, suggesting that these substrates are first released and then spontaneously refold.
The observation that at least some substrates appear to be released significantly faster than they acquire activity would seem to suggest that release from HdeA is not always rate limiting for the complete refolding of all substrate proteins. However, it is important to note that the release of all tested substrates is slow (i.e., on the minute timescale) when compared to the typical rate of early protein folding events such as hydrophobic collapse, which occurs on the microsecond or millisecond timescale (17) . To investigate the possibility that the substrates we tested refold via an intermediate state under our experimental conditions, we used bis-ANS as a conformational probe. This dye binds hydrophobic regions that are exposed in unfolded proteins but has a lower propensity to bind native proteins (18) . Each of the substrates we tested bind bis-ANS at pH 2; however, following neutralization they each very rapidly collapse to a state that is apparently less hydrophobic (Fig. S7) . For all four substrate proteins, this occurs on a timescale that is 2-4 orders of magnitude faster than the observed rate of release from HdeA. Therefore, the relatively slow release of substrates may serve to decrease the concentration of aggregation-sensitive intermediates following pH neutralization. This would effectively suppress substrate aggregation and thereby facilitate refolding to the native state. Further support for this model comes from experiments in which we varied the starting concentration of HdeA:MDH complexes and tested refolding efficiency following pH neutralization. We found an inverse relationship between MDH refolding yield and the HdeA:MDH complex concentration (Fig. S8) . This is likely because increased concentrations of partially unfolded MDH as it is released from HdeA leads to increased aggregation and less refolding.
Discussion
We have provided evidence for a molecular chaperone that is capable of assisting in the refolding of acid-denatured proteins independent of ATP. This capability makes HdeA well suited to protect proteins against acid-induced unfolding and aggregation in the ATP-free environment of the bacterial periplasm.
The direct activation of a molecular chaperone by stress conditions at the protein level enables presynthesized proteins to be activated by stress conditions that even strongly inhibit transcription and translation. One such stress condition is the shift from neutral pH to the pH of stomach acid (pH ∼ 2) that accompanies oral ingestion of bacteria. This drop in pH has been shown to rapidly activate the periplasmic chaperone HdeA (4, 7, 8) . Other chaperones that are directly activated by stress conditions at the protein level are Hsp26, a member of the small Hsp family, which is activated by elevated temperatures (19) , and Hsp33, which is activated by oxidative stress conditions that lead to protein unfolding (20) . As with HdeA, these proteins appear to be efficiently adapted to be active only when the bacteria encounter stresses that necessitate their activity. One feature of HdeA that stands in stark contrast to these other examples is that return to nonstress conditions is sufficient to trigger substrate release and refolding. Hsp26 and Hsp33, on the other hand, require the assistance of the ATP-consuming chaperone systems to facilitate substrate release and support refolding (20, 21) . HdeA, however, by virtue of its periplasmic localization, must function in the absence of these chaperone systems and ATP. It seems to have therefore evolved to take efficient advantage of the natural host physiology. HdeA uses external pH shifts provided by the host to trigger chaperone activation and inactivation. Unlike previously characterized chaperones, return to nonstress conditions (i.e., neutral pH) is sufficient to trigger substrate release and refolding of substrate proteins. We should note that HdeA is not the only protein known to facilitate protein folding in an ATP-independent manner. The ribosome-associated peptidyl proline isomerase, trigger factor, is capable of independently facilitating protein folding in vitro, although it is involved in the folding of nascently synthesized polypeptides in the cytosol and is also thought to function in concert with ATP-dependent chaperone systems (22) . HdeA on the other hand, is likely not involved in the folding of newly translocated proteins, but rather only with the refolding of proteins following acid stress.
One tentative model that is consistent with our experimental observations, is that HdeA binds substrates stably at low pH and slowly releases them following pH neutralization (Fig. 5) . The stable binding at low pH is undoubtedly important, as this maintains substrates in a soluble and therefore folding-competent form. The slow release of substrate proteins from HdeA upon pH neutralization may help explain why one single binding and release cycle appears to be sufficient to support substrateprotein refolding. Slow release may provide a convenient way to keep the concentration of aggregation-sensitive folding intermediates low at any given time. Because aggregation is strongly dependent on the concentration of aggregation-sensitive folding intermediates (23) , any process that decreases the concentration of these intermediates should greatly decrease the extent of aggregation. In contrast, in the absence of HdeA, pH neutralization may quickly generate a large population of aggregation-sensitive intermediates, which favors their partitioning into the aggregation pathway instead of the refolding pathway. Thus, slow release in concert with preventing off-pathway aggregation at low pH provides an elegant, mechanistically simple and ATP-independent way of allowing HdeA to suppress aggregation and thereby promote refolding.
Other chaperone systems may also work through a kinetic partitioning mechanism that keeps the free concentration of substrates sufficiently low to prevent aggregation while passively allowing them to fold to the native state (2425-26). One aspect of the HdeA mechanism that seems strikingly different compared to other chaperones capable of facilitating protein folding, is that its chaperone "cycle" appears to involve single binding and release events. This is not true of Hsp60 or Hsp70 systems, both of which undergo repetitive cycles of ATP binding and hydrolysis, which in turn drive repetitive cycles of protein substrate binding and release (27, 28) . This iterative annealing process has been proposed to be an underlying mechanism of chaperone function (14) . In the case of HdeA, we have provided evidence that iterative binding does not occur. Rather, HdeA appears to rapidly refold into the chaperone-inactive state upon substrate-protein release. In our in vitro system, substrate proteins then proceed to refold without requiring additional assistance from energy cofactors, chaperones, or cochaperones. That HdeA can work in vitro in the absence of additional chaperones in no way excludes the possibility that other periplasmic chaperones may assist HdeA in vivo, much like cytoplasmic chaperones often work as part of chaperone networks (20, 26, 27 ). HdeA appears to be capable of kinetic partitioning through a single binding and release cycle, which is governed by the unidirectional flow of food and the accompanying bacteria through the mammalian digestive system where the pH drops a single time upon entering the stomach and then increases a single time when the bacteria reach the small intestine.
Materials and Methods
HdeA Expression and Purification. Wild-type HdeA and HdeA (S27C) were expressed and purified as described previously (8) .
MDH Aggregation Assays. Porcine mitochondrial MDH (Roche) was incubated at a concentration of 8 μM in 8 mM H 3 PO 4 , 150 mM KCl, and 150 mM ammonium sulfate, pH 2 (buffer A) at 37°C for 30 min in the absence or presence of 4, 8, or 16 μM HdeA. After 30 min, the pH was neutralized by adding 0.133 volumes of 0.5 M sodium phosphate, pH 8. Apparent changes in absorbance due to light-scattering aggregates were monitored at 320 nm by using a Cary100 spectrophotometer equipped with a Peltier temperature control block.
Substrate refolding assays. Model substrate proteins MDH, aldolase, GAPDH and AP were acid-denatured by incubation in buffer A, pH 2 for 30-60 min in the absence or presence of HdeA. Then the pH was neutralized by addition of 0.133 volumes 0.5 M phosphate pH 8. 10-20 μl aliquots were then removed and assayed for enzymatic activity at various time points as detailed in SI Materials and Methods. Activity is reported relative to an equal amount of native enzyme. HdeA and substrate concentrations are indicated in the appropriate figure legends and in SI Materials and Methods.
Fluorescence Anisotropy. HdeA(S27C) was labeled with monobromobimane as described previously (8 proteins populate an ensemble of acid-unfolded states (S U ), which are aggregation-sensitive. The aggregation propensity of S U is even more pronounced following pH neutralization, causing the rapid formation of inactive protein aggregates. A small population appears to escape aggregation and fold into a relatively aggregation-resistant intermediate state (S I ), which is able to refold to the native state. Acid-activated HdeA is able to prevent aggregation of unfolded substrates at low pH by directly binding to them and sequestering otherwise aggregation-prone substrate. Upon pH neutralization, the substrates are released from HdeA at a rate which is very slow compared to the rate of folding to productive, aggregation-resistant intermediates and/or the native state. Because the rate of aggregation (k agg ) is a second or higher order process (23) , the decrease in S U concentration dictated by slow release from HdeA following neutralization effectively suppresses aggregation and favors on-pathway substrate-protein refolding.
1 h in the absence or presence of an equimolar amount of substrate protein, equilibrated to 20°C, and then neutralized by adding 0.133 volumes of 0.5 M sodium phosphate, pH 8. To some experiments, 0.5 μM GroEL (14-mer) was added immediately after neutralization. Anisotropy (r) was calculated according to the following equations:
where G is the instrument correction factor, r is anisotropy, and I is the fluorescence intensity measured with polarizers in the orientations indicated by the subscripts (13) . Anisotropy was recorded with a Cary Eclipse Spectrofluorimeter using λ ex ¼ 390 nm (10 nm bandpass) and λ em ¼ 475 nm (10 nm bandpass).
